ABSTRACT We use all-atom molecular dynamics simulations on a massive scale to compute the standard binding free energy of the 13-residue antimicrobial peptide indolicidin to a lipid bilayer. The analysis of statistical convergence reveals systematic sampling errors that correlate with reorganization of the bilayer on the microsecond timescale and persist throughout a total of 1.4 ms of sampling. Consistent with experimental observations, indolicidin induces membrane thinning, although the simulations significantly overestimate the lipophilicity of the peptide.
Antimicrobial peptides are a component of the innate immune system of eukaryotes (1) . As such, they must interact with pathogenic membranes, either during translocation or by disrupting their structural integrity (2) . Here we examine the binding of the 13-residue cationic antimicrobial peptide indolicidin (3) (ILPWKWPWWPWRR-NH 2 ) to a lipid membrane as a first step towards elucidating its mechanism of action.
Molecular solutes interact with lipid membranes in many cellular processes (4) . Computational approaches such as molecular dynamics simulations have been widely used to characterize these interactions (5) . However, molecular dynamics simulations can require unfeasibly long times to reach equilibrium (6) . Therefore, it is common to compute equilibrium properties of solute insertion into lipid bilayers using umbrella sampling (7) simulations in which the solute is restrained along the bilayer normal using harmonic restraining potentials, or umbrellas, centered at z 0 i values distributed between bulk water and the bilayer center.
It is often assumed that equilibrium properties rapidly attain convergence in umbrella sampling simulations; accordingly, convergence measures are rarely published (8) . However, we have recently shown that umbrella sampling simulations require up to 100 ns per umbrella (3 ms in total) to eliminate systematic sampling errors in the standard free energy of binding, DG 0 bind , of an arginine sidechain analog from bulk water to a lipid bilayer (8) . The fact that umbrella sampling has been used to investigate the bilayer insertion of substantially larger solutes (9) motivates a systematic evaluation of statistical sampling convergence of DG 0 bind for indolicidin in a lipid bilayer. To estimate DG 0 bind of indolicidin to a lipid bilayer, we conducted 60 sets of umbrella-sampling simulations while systematically varying the initial conformation. In each umbrella sampling simulation, each umbrella was simulated for 1.5 ms, yielding a total simulation time of 1.4 ms and 60 independent free energy or potential of mean force (PMF) profiles from bulk water to the center of a POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine) lipid bilayer.
The PMF profiles indicate that indolicidin strongly binds to the bilayer, partitioning inside the lipid headgroups ( Fig. 1 , A and E). Importantly, the mean estimate of DG 0 bind decays exponentially with equilibration time t eq , indicating that systematic sampling errors in individual simulations continued to decrease throughout the 1.5-ms interval as rare events led to more favorable states ( Fig. 1 B) . The low frequency of transitions to more favorable states exacerbates the requirement for massive sampling using multiple independent simulations.
Computational limitations precluded extending all 60 sets of umbrella-sampling simulations to even longer times. Instead, we identified the two simulations at each umbrella that appeared to be most representative of equilibrium and extended each to 10 ms per umbrella (see Methods in the Supporting Material). The resulting estimates of DG 0 bind continued to decrease until t eq ¼ 4 ms (68 ms in total), after which they stabilized at the asymptotic limit of the exponential fit of the shorter simulation data (DG 0 bind ¼ À26 5 5 kcal/mol; Fig. 1 C) .
As indolicidin approaches the bilayer, it is drawn closer (Fig. 2 A) as salt bridges form between the peptide and the phospholipid headgroups (Fig. 2 B) , inducing their protrusion (Figs. 1 D and 2 C) . At large separation distances, this state is attained only when the peptide becomes highly extended (Fig. 2, D and E) . As indolicidin is inserted more deeply, the surface of the lipid bilayer invaginates (Figs. 1 E and 2 C), maintaining peptide-lipid salt bridges (Fig. 2 B) and leading to the formation of a pore when the solute is near the bilayer center (Figs. 1 F and 2 C, and see Fig. S2, Fig. S3, Fig. S4 , and Material). These Boltzmann-weighted ensemble averages may not be mechanistically representative of nonequilibrium binding events (8, 10) .
The reorganization of the peptide, the bilayer, and the ionic interactions between them became more pronounced with increasing simulation time at peptide insertion depths shallower than the global free energy minimum (jz 0 i j >1.4 nm; Fig. 1 A and Fig. 2, B-D) . These conformational transitions are likely the source of the systematic drift of DG 0 bind . Reorganization of the bilayer also controls the rate of equilibration during membrane insertion of an arginine side chain (8, 9 ) and a cyclic arginine nonamer (11), suggesting that slow reorganization of lipids around cationic solutes presents a general impediment to simulation convergence.
Consistent with the perturbation of membrane thickness observed by in situ atomic force microscopy (12), our results suggest that indolicidin insertion induces local thinning of the bilayer (Fig. 1, E and F, and Fig. 2, C and F) . The different conformational ensembles sampled by the peptide in water and in the lipid bilayer (Fig. 2 D) are consistent with the observations that indolicidin is disordered in solution (13) and adopts stable conformations in the presence of detergent (14) . Although the peptide's conformation continued to change when it was deeply inserted (Fig. 2 D) , the amount of water in the bilayer's hydrophobic core converged relatively rapidly (see Fig. S2 ). Indolicidin can induce the formation of hydrated, porelike defects (see Fig. S2, Fig. S3, Fig. S4, and Fig. S5 ) but does not act as a chloride carrier (see Fig. S6 and Fig. S7 ). Future studies of the mechanism of indolicidin action will examine the effect of multiple peptide binding.
The PMF profile presented in this Letter is strikingly different from that computed by Yeh et al. (15) using different force field parameters for indolicidin partitioning into a DMPC (1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine) bilayer, from which the binding free energy was estimated to be 0 kcal/mol (15) . However, that study comprised only 25 ns per umbrella and likely suffers from systematic sampling errors induced by initial conditions (see Fig. S8 ). Our estimate of the binding affinity is much larger than the values obtained for indolicidin and large unilamellar POPC vesicles using isothermal titration calorimetry, À7.4 kcal/mol (16) , and equilibrium dialysis, À8.8 kcal/ mol (13) . Such a discrepancy suggests that the relative accuracy of binding free energies for amino-acid side-chain analogs (8, 9, 17) does not necessarily extend to polypeptides. Although more work is needed to elucidate the source of this discrepancy, this study underlines the importance of attaining convergence before evaluating force-field accuracy.
Importantly, this work also highlights the extensive sampling required to remove systematic errors induced by initial conditions in atomistic simulations of peptides in membranes. Slow equilibration of the system is due to rare transitions across hidden free energy barriers involving reorganization of the membrane. Two simple recommendations are 1), evaluating the time-dependence of ensemble averages, and 2), conducting multiple simulations with different initial conditions. We have recently shown that by using enhanced sampling techniques it is possible to identify the locations of hidden free energy barriers without a priori knowledge (9) . Future research will examine strategies for speeding up the crossing of these barriers, such as optimized order parameters including bilayer reorganization and enhanced sampling techniques including a random walk along the order parameter (9) .
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